One of the characteristics of tumors from patients with germline mutations of DNA mismatch repair genes is instability at microsatellite regions (MSI). We analysed alterations at repeated sequences of coding regions, as well as those of 5' upstream regions, in 29 MSI-High colorectal tumors from patients with hereditary nonpolyposis colorectal cancer (HNPCC) and Turcot syndrome. We found that repeated sequences in 5' upstream regions were altered in these tumors, at considerable frequencies. The (A) 10 repeat in the promoter region (position 7178*7169) of the GAPDH gene was altered in 17% of the tumors. The (A) 10 (TA) 9 in the 5' upstream region (position 7318*7291) of the mitochondrial isoleucyl tRNA synthetase gene (IleRS-A), coded in nuclear DNA, was altered in 59% of the tumors, whereas (A) 9 in the 5' upstream region (position 7859*7851) of cytoplasmic isoleucyl tRNA synthetase gene (IleRS-B) was not altered. Alteration at repeated sequences in the coding regions were 72% at TGFbRII(A) 10 , 24% at IGFIIR(G) 8 , 45% at BAX(G) 8 , 55% at E2F4(CAG) 13 , 66% at caspase-5 (A) 10 , 31% at MBD4(A) 10 , 55% at hMSH3(A) 8 and 34% at hMSH6(C) 8 . The number of altered genes increased with the advancement of carcinoma according to Dukes categories: mean numbers of altered genes within these 10 genes were 2.6 for Dukes A, 4.7 for Dukes B and 7.8 for Dukes C. The mean number for adenomas was 2.0. These results suggest that the MSI phenotype also causes alteration of 5' upstream regions which may aect apoptosis and some mitochondrial functions in HNPCC and Turcot tumors, and that accumulation of altered genes with repeated sequences is associated with the progression of HNPCC and Turcot colorectal tumors. Oncogene (2001) 20, 5215 ± 5218.
Keywords: mutation; repeated sequence; 5' upstream region; HNPCC; Turcot; Dukes stage Hereditary nonpolyposis colorectal cancer (HNPCC) syndrome (Lynch and Smyrk, 1996) is characterized by germline mutation in one allele of a DNA mismatch repair gene (Fishel et al., 1993; Leach et al., 1993) . We have previously reported, in HNPCC tumors, somatic mutations also occurring in the other allele (Konishi et al., 1996) . This causes loss of mismatch repair function, resulting in replication error at microsatellite loci Ionov et al., 1993) as well as repeated sequences of coding regions, such as (A) 10 of TGFbRII (Markovitz et al., 1995) and (G) 8 of BAX (Rampino et al., 1997) genes. HNPCC tumors are assumed to also have alterations at numerous other repeated sequences, instead of less frequent mutation of APC, p53, and K-ras genes (Konishi et al., 1996) , and almost no loss of heterozygosity at various chromosomal regions (Thibodeau et al., 1993; Konishi et al., 1996) . Alterations of several other coding regions with repeated sequences have been analysed, but, not all target genes of replication error have been revealed. Furthermore, the nature of alteration at 5' upstream or promoter region, which may regulate the transcription of genes, is still unclear. To examine whether these regions are altered in HNPCC tumors, we analysed repeated sequences in the 5' upstream region of three genes. Since we have observed that colorectal tumors from a patient with Turcot syndrome (characterized by brain and colorectal cancer at a young age) showed severe replication error (Miyaki et al., 1997a) , we analysed changes of these regions in Turcot tumors. We also made simultaneous analyses of alteration of repeated sequences in eight coding regions, in both HNPCC and Turcot cases, to assess their contribution to carcinogenesis, and the extent of these alterations was compared with the Dukes stage of tumors.
Twenty-four primary colorectal tumors, including 22 carcinomas, one adenoma, and one hyperplastic polyp, were obtained from 14 Japanese HNPCC patients, after obtaining informed consent. These patients included 10 cases with germline mutations of the hMSH2, hMLH1, and hMSH6 genes (Miyaki et al., 1995 (Miyaki et al., , 1997b , and four cases without identi®ed germline mutation but ful®lling the criteria of HNPCC. Five primary colorectal tumors, including three carcinomas and two adenomas, were obtained from a Turcot syndrome patient with germline mutation of hPMS2 (Miyaki et al., 1997a) . All HNPCC and Turcot tumors exhibited high instability at microsatellite loci (MSI-H), as previously reported (Konishi et al., 1996; Miyaki et al., 1997a) .
The promoter region of the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene has (A) 10 repeat at the position of 7178 * 7169 (Ercolani et al., 1988) . Mutation of 1-bp deletion was detected in ®ve of 24 HNPCC tumors, as shown in Figure 1 and Table 1 . GAPDH has been known to have various functions, such as glycolytic enzyme and uracil glycosylase, and this protein has been reported to also have activity as a mediator of cell death (Sawa et al., 1997) . A change of the number of A repeats at the promoter region has been demonstrated to lower the transcription level of this gene (Aki et al., 1997) . Accordingly, it may be possible that HNPCC tumors with alteration of this (A) 10 result in resistance to cell death.
The mitochondrial isoleucyl t-RNA synthetase gene (IleRS-A) is coded in nuclear DNA, and it has (A) 10 (TA) 9 repeat at the 5' upstream region (position 7318 * 7291) (Shiba et al., 1994) . This repeat was found to be altered in 15 of 24 HNPCC, and in two of ®ve Turcot, tumors. Alteration occurred at (A) 10 as well as (TA) 9 , several tumors showing alteration to (A) 9 (TA) 8 . Some tumors with alteration showed absence of wild-type allele; examples being shown in Figure 1 . However, (A) 9 repeat at the 5' upstream region (position 7859 * 7851) of the cytoplasmic isoleucyl t-RNA synthetase gene (IleRS-B), which is also coded in nuclear DNA (Shiba et al., 1994) , was not altered in HNPCC or Turcot tumors. The reason for less mutability at (A) 9 of IleRS-B is unclear, despite that (A) 8 in coding regions of the hMSH3 gene was altered at considerable frequencies in these tumors. One possible explanation is that alteration of this (A) 9 region of IleRS-B has no in¯uence on tumorigenesis in HNPCC and Turcot patients. High mutability at (A) 10 (TA) 9 of IleRS-A suggests that alteration of 5' upstream of this gene has a certain contribution to tumorigenesis. However, since function of the 5' upstream region of IleRS-A in relation to gene expression has not been con®rmed yet, it will be necessary to examine whether the alteration of expression level of mitochondrial-type aminoacyl t-RNA is caused by mutation of the 5' upstream.
To compare the extent of alterations in 5' upstream regions with those in coding regions, we also analysed DNA samples were ampli®ed by PCR under the same conditions as previously reported (Konishi et al., 1996) and electrophoresed through denaturing or non-denaturing acrylamide gel. DNA fragments in abnormal bands were sequenced by dideoxy termination method. Primers used for ampli®cation of 5' upstream (A) 10 of GAPDH gene were: sense 5'-CACACGCTCGGTGCGTGCCCA-3', and antisense 5'-GTGCGCCCGTAAAACCGCTAGTA-3'; for 5' upstream (A) 10 (TA) 9 of IleRS-A gene were: sense 5'-CCCAGATT-GAGATGTGCAGT-3', and antisense 5'-GCTCATAGTCCAATC-GCTGT-3'; for 5' upstream (A) 9 of IleRS-B gene were: sense 5'-CATGACCGTGCCACTGCACT-3', and antisense 5'-CCAAAGCC-GCTTCTCCTAT-3'. Primers used for ampli®cation of TGFbRII(A) 10 , BAX(G) 8 , IGFIIR(G) 8 , E2F-4(CAG) 13 , caspase-5(A) 10 , MBD4(A) 10 , hMSH3(A) 8 and hMSH6(C) 8 regions were the same as those previously reported (Konishi et al., 1996; Rampino et al., 1997; Souza et al., 1996; Yoshitaka et al., 1996; Schwartz et al., 1999; Riccio et al., 1999; Malkhosyan et al., 1996) alterations of repeated sequences of coding regions in HNPCC and Turcot tumors (Table 1) . Deletions of 1 ± 2 bp and insertions of 1 bp at TGFbRII(A) 10 (Markoviz et al., 1995) were detected in 17 of 24 HNPCC, and in four of ®ve Turcot, tumors, and the majority of cases with this mutation had no wild-type allele. Since TGFbRII mediates growth inhibition of epithelial cells by TGF-b, loss of receptor II function by gene mutation appears to result in a growth advantage in a signi®cant percentage of colorectal tumors from HNPCC and Turcot patients. Alteration at (G) 8 of the IGFIIR gene (Souza et al., 1996) , which has a function to activate TGF-b, was found in 24% of our tumor samples. Frameshift mutations of BAX(G) 8 (Rampino et al., 1997) were detected in 13 of 24 of our HNPCC carcinomas, but not at all in the Turcot carcinomas, two of Turcot carcinomas having p53 mutations. Alternative exclusion was observed between BAX and p53 mutation in both HNPCC and Turcot carcinomas, which was consistent with the ®nding that p53 is a direct transcriptional activator of BAX (Miyashita and Reed, 1995) . Such inactivating mutation of the proapoptotic protein BAX appears to have the same role in HNPCC carcinogenesis as that of inactivation of p53 in non-HNPCC carcinogenesis (conversion from adenoma to carcinoma). A growth control gene, E2F-4, has a (CAG) 13 repeat in the coding region, and this repeat has been found to be altered in sporadic gastrointestinal tumors with microsatellite instability (Yoshitaka et al., 1996) . In HNPCC tumors, 14 of 24 exhibited 3-, 6-, and 9-bp deletions, and some tumors with mutation had no wild-type allele. Two of three Turcot carcinomas also showed deletion mutations. Such a high frequency of alteration of E2F-4 suggests that this gene is a target of genetic instability in HNPCC and Turcot tumors, although in¯uence of this alteration on the function of E2F-4 has yet to be clari®ed. Recently, (A) 10 repeat in the caspase-5 gene has been observed in sporadic endometrial, colon, and stomach tumors with microsatellite instability (Schwartz et al., 1999) . In the present study, alterations of this region were detected in 16 of 24 HNPCC, and three of ®ve Turcot, colorectal tumors. Almost all alterations were 1-bp deletion, and four tumors had 2-bp deletion and 1-bp insertions. Caspase-5 has been demonstrated to cleave pro-caspase-3, resulting in activation of caspase-3, which is involved in apoptotic cell death (Kamada et al., 1997) . This suggests that alteration of caspase-5 may give a growth advantage to cancer cells through inhibition of apoptosis. The (A) 10 tract of the DNA repair gene MBD4 has been reported to be altered in tumors with MSI (Riccio et al., 1999) . In our cases, this region was altered in nine of 24 HNPCC tumors, suggesting that genomic instability may be increased in these HNPCC tumors.
In addition to inactivation of causative mismatch repair genes, 13 of 24 HNPCC tumors and three of ®ve Turcot tumors had 1 ± 2 bp deletion and 1 bp insertion at (A) 8 of the hMSH3 gene (Malkhosyan et al., 1996) . Similar frameshift mutations were detected at (C) 8 of the hMSH6 gene (Malkhosyan et al., 1996) in eight of 24 of our HNPCC, and two of our ®ve Turcot, tumors. Alteration in these secondary genes, which are components of the mismatch repair complex, may cause more severe replication error in HNPCC and Turcot tumors, although these alterations contribute indirectly in tumorigenesis. Table 2 shows alterations of genes with repeated sequences with respect to tumor progression through Dukes A to C. Although all tumors showed MSI-High, the extent of altered genes was notably higher in Dukes C stage compared with Dukes A and B. Mean numbers of altered genes within 10 genes were estimated from this table as 2.6 for Dukes A, 4.7 for Dukes B and 7.8 Table 2 Examples of alterations at repeated sequences in 5' upstream and coding regions in colorectal tumors from HNPCC and Turcot patients for Dukes C. In the case of adenoma the mean number was 2.0. These data suggest that it is possible to observe gradual development of HNPCC carcinomas by the number of altered genes with repeated sequence. None of 30 samples of MSI-negative sporadic colorectal carcinomas showed alteration of repeated sequences within these 10 genes. Genetic changes involved in carcinogenesis of HNPCC and Turcot syndrome appear to be dierent from those in the usual adenoma-carcinoma sequence (Konishi et al., 1996) . The present results suggest that genetic changes occurring in repeated sequences at 5' upstream regions of certain genes, besides repeats in coding regions, are targets of replication error. Moreover, gradual accumulation of alteration of genes with repeated sequences may be involved in progression of HNPCC carcinomas. Repeated sequences at both 5' upstream and coding regions in more genes should be analysed, to further clarify the mechanism of development and/or progression of colorectal cancer in HNPCC and Turcot syndrome.
